Molecular chaperones play an essential role in the folding of nascent chain polypeptides, as well as in the refolding and degradation of misfolded or aggregated proteins. They also assist in protein translocation and participate in stress functions. We identified a gene, designated tig, encoding a protein homologous to trigger factor (TF), a cytosolic ribosome-associated chaperone, in the genome of Listeria monocytogenes. We constructed a chromosomal ⌬tig deletion and evaluated the impact of the mutation on bacterial growth in broth under various stress conditions and on pathogenesis. The ⌬tig deletion did not affect cell viability but impaired survival in the presence of heat and ethanol stresses. We also identified the ffh gene, encoding a protein homologous to the SRP54 eukaryotic component of the signal recognition particle. However, a ⌬ffh deletion was not tolerated, suggesting that Ffh is essential, as it is in Bacillus subtilis and Escherichia coli. Thus, although dispensable for growth, TF is involved in the stress response of L. monocytogenes. The ⌬tig mutant showed no or very modest intracellular survival defects in eukaryotic cells. However, in vivo it showed a reduced capacity to persist in the spleens and livers of infected mice, revealing that TF has a role in the pathogenicity of L. monocytogenes.
Listeria monocytogenes is a gram-positive bacterium that is widespread in nature and is responsible for sporadic severe infections in humans and other animal species (20) . L. monocytogenes is a facultative intracellular pathogen that is capable of invading most host cells, including epithelial cells, hepatocytes, fibroblasts, endothelial cells, and macrophages (56) . The molecular mechanisms of its intracellular parasitism have been investigated extensively, and several secreted or surface-exposed proteins (such as listeriolysin O, phospholipases, and internalins) have been shown to play a crucial role in the virulence of this pathogen (14, 18) .
The dedicated export machinery and folding catalysts, which help exported proteins arrive at their final destinations and with the correct folding, are thus likely to play a key role in the pathogenesis of L. monocytogenes. Several proteins involved in protein secretion, maturation, or sorting have already been identified (7, 8, 10, 35, 46) . However, the potential role of cytosolic chaperones in the pathogenesis of L. monocytogenes has not been addressed previously.
Trigger factor (TF) is a ribosome-associated cytosolic chaperone that possesses peptidyl-prolyl cis/trans-isomerase activity (4, 19, 30) . This highly conserved molecular chaperone and folding catalyst is one of the first chaperones to interact with the signal sequence of nascent preproteins (6, 40, 51) . In Bacillus subtilis, TF is not essential for protein secretion or cell viability under normal conditions (26, 47) . In the human pathogen Streptococcus pyogenes, TF (also designated RopA) is required for secretion and maturation of the secreted cysteine protease SpeB (38, 39, 43 ). An S. pyogenes TF mutant produces the protease but does not secrete it, suggesting that TF is required for its targeting to the secretory pathway. Moreover, a mutant TF lacking only the central region of the protein allows normal secretion of the protease, but the secreted protein has a defect in processing to the mature form (38) . Very recently, a TF homologue has also been identified (58) in Streptococcus mutans, the primary etiological agent of human dental caries. Inactivation of the gene encoding TF did not have a major impact on the growth rate in broth. However, the mutant strain showed decreased tolerance to stresses such as acid killing and to oxidative stresses and an altered capacity to form biofilms (58) .
In mammalian cells, the signal recognition particle (SRP) and the SRP receptor play a central role in targeting presecretory proteins to the membrane of the endoplasmic reticulum (59) . An SRP-like system has also been identified in both gram-negative and gram-positive bacteria and is composed of small cytoplasmic RNA (scRNA) (also called 4.5S RNA) and the fifty-four homologue (Ffh). FtsY is the SRP receptor at the bacterial membrane (42) . Recent data have shown that signal peptide hydrophobicity could be a critical determinant for signal peptide binding to Ffh or TF in B. subtilis (61) , as it is in gram-negative bacteria (11, 52, 53) .
These observations prompted us to address the role of TF and Ffh in L. monocytogenes. We identified the genes encoding TF and Ffh homologues in the genome of L. monocytogenes strain EGD-e (25) . We successfully constructed a ⌬tig chromosomal deletion mutant of L. monocytogenes and studied the impact of the ⌬tig deletion on stress responses, protein secretion, and L. monocytogenes pathogenesis. Our data indicate that TF has a role in stress tolerance and in virulence.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Brain heart infusion (BHI) (Difco Laboratories, Detroit, Mich.) and Luria-Bertani (Difco Laboratories) broth and agar were used to growth L. monocytogenes and Escherichia coli strains, respectively. We used the reference strain L. monocytogenes EGD-e belonging to serovar 1/2a (25) . Wild-type bacteria were transformed by electroporation, as previously described (45) . Strains harboring plasmids were grown in the presence of the following antibiotics: for pUC19 derivatives, 100 g ml Ϫ1 ticarcillin; and for pAUL-A derivatives, 150 g ml Ϫ1 (E. coli) or 5 g ml Ϫ1 (L. monocytogenes) erythromycin. Plasmids and strains used in this study are listed in Table 1 .
Genetic manipulations. Chromosomal DNA and plasmid isolation, restriction enzyme analyses, and PCR amplification were performed according to standard protocols (1, 49) . Restriction enzymes and ligase were purchased from New England Biolabs and Gibco and were used as recommended by the manufacturers. DNA was amplified with the DNA polymerase DyNAzyme (Finnzymes, Espoo, Finland) using a thermal cycler (Bio-Rad, Marne La Coquette, France). Oligonucleotides were synthesized by Eurogentec. Nucleotide sequencing was carried out with Taq dideoxy terminators and by using the DyePrimer cycling sequence procedure developed by Applied Biosystems (Perkin-Elmer) with fluorescently labeled primers purchased from Life Technologies, Paisley, Scotland. Labeled extension products were analyzed with an ABI Prism 310 apparatus (Perkin-Elmer, Applied Biosystems). Protein and nucleotide databases were searched using the programs BLASTP and BLASTN (National Center for Biotechnology Information, Los Alamos, NM), available via the Internet. Protein sequences were aligned by using the CLUSTALW program (http://www .infobiogen.fr/services/analyseq/cgi-bin/clustalw_in.pl).
Construction of a ⌬tig chromosomal deletion mutant of L. monocytogenes. We constructed a ⌬tig mutant of L. monocytogenes strain EGD-e carrying a 1,261-bp deletion (from nucleotide 1 to nucleotide 1261) that left only the six last codons of the gene. Chromosomal integration was performed by allelic replacement, using the standard procedure described previously (28, 36) . Briefly, two DNA fragments flanking the tig genes were amplified by PCR from EGD-e chromosomal DNA ( Table 2 shows the pairs of primers used for each PCR). The primers used for the 5Ј fragment (designated fragment A) were primers 1 and 2; the primers used for the 3Ј fragment (designated fragment B) were primers 3 and 4. After PCR amplification, fragments A (1,121 bp) and B (720 bp) were purified (using a QIAGEN Qiaprep Spin Miniprep kit) and digested with restriction enzymes HindIII and BamHI (fragment A) or BamHI and EcoRI (fragment B). The two fragments were successively cloned into pUC19 and digested by BamHI and EcoRI (to obtain pUC19ϩB [ Table 1 ]) and then by HindIII and BamHI (to obtain plasmid pUC19ϩ⌬tig). The fragment A-fragment B region was then amplified from the recombinant plasmid (with primers 17 and 18), digested by HindIII and XbaI, and finally subcloned in the thermosensitive shuttle vector pAUL-A. The resulting plasmid, designated pAUL-Aϩ⌬tig, was then electroporated into EGD-e. After electroporation, selected clones were grown at a nonpermissive temperature (37°C) with erythromycin to force chromosomal integration of the recombinant plasmids via a single crossover. We then screened the second crossover event, leading to excision of the plasmid (Em s clones), by growing the recombinant bacteria at a permissive temperature for many generations in the absence of erythromycin. The resulting EGD-⌬tig mutant was verified by sequence analysis of chromosomal DNA using pairs of internal or flanking primers. Construction of a ⌬ffh chromosomal deletion mutant. We attempted to construct a ⌬ffh mutant by the same procedure in wild-type EGD-e, as well as in an EGD-⌬tig genetic background. To do this, two DNA fragments flanking the ffh genes were ligated and cloned into the thermosensitive plasmid pAUL-A, yielding pAUL-A-⌬ffh. This plasmid was then introduced into either EGD-e or EGD-⌬tig. Chromosomal integration of the recombinant plasmid was obtained (using the procedure described above for construction of the ⌬tig mutant). The second crossover event, leading to excision of the plasmid, was screened by growing the recombinant bacteria at a permissive temperature for up to ϳ100 generations in the absence of erythromycin. All the clones recovered were either still Em r (i.e., had not lost the integrated plasmid) or Em s but had lost the plasmid carrying the mutated ffh region (reconstituting a wild-type chromosomal region). Thus, the second crossover event, leading to the allelic exchange, was possible only when the wild-type ffh allele was kept on the bacterial chromosome, strongly suggesting that both the ⌬ffh single mutation and the ⌬tig-⌬ffh double mutation are lethal.
RNA extraction and reverse transcription-PCR (RT-PCR). Cultures of L. monocytogenes EGD-e (at an optical density at 600 nm [OD 600 ] of 0.4) were centrifuged at 4,000 ϫ g for 10 min, and the pellets were resuspended in 1 ml of Trizol (Invitrogen) and then broken with a Fastprep apparatus (two 30-s treatments at the maximum speed). The tubes were centrifuged (13,000 ϫ g, 1 min), and the supernatants were transferred to new tubes containing 300 l of chloroform-isoamyl alcohol. After 10 min of centrifugation at 13,000 ϫ g, each aqueous phase was transferred to a tube containing isopropanol. Total RNA was then precipitated overnight at 4°C and washed twice with 500 l of 70% ethanol. The RNA was resuspended in 60 l of RNase-free water. Contaminating DNA was removed by two digestions with DNase used according to the instructions of the manufacturer (Roche Diagnostics, Mannheim, Germany). After digestion, RNA was purified with an RNeasy kit (QIAGEN) and eluted in 30 l of RNase-free water.
RT-PCR experiments were carried out with 4 l of RNA and 2.5 pmol of specific reverse primers for each amplification. After denaturation at 65°C for 10 min, 12 l of a mixture containing 2 l of deoxynucleoside triphosphates (25 mM), 4 l of 4ϫ buffer, 2 l of dithiothreitol, 1 l of RNasin (Promega), and 1.5 l of Superscript II (Invitrogen) was added. Samples were incubated for 60 min at 42°C, heated at 75°C for 15 min, and chilled on ice. Samples were diluted with 40 l of H 2 O and stored at Ϫ20°C.
For classical reverse transcription-PCR, the conditions were identical for all reactions. The 50-l reaction mixtures consisted of 5 l of template, 10 pmol of each primer, 1 l of deoxynucleoside triphosphates (10 mM), 5 l of 5ϫ buffer, and 0.5 l of DyNAzyme DNA polymerase (Finnzymes, Espoo, Finland), and a thermal cycler obtained from Bio-Rad (Marne La Coquette, France) was used. Primers 5 to 16 were used to amplify the cDNAs ( Table 2) .
For cDNA quantitation, amplification was monitored with the SYBR green fluorescent dye. The specific primers used for this reaction were primers 19 and 20 (for tig) and primers 21 and 22 (for the gyrA gene, which was used as an internal control). For each reaction, the mixture consisted of 25 l of template, 12.5 l of SYBR green Jumpstart Taq ReadyMix (Sigma), 1 l of each primer (10 M), and 5.5 l of water. The reactions were carried out in sealed tubes using an ABI PRISM 7700 sequence detection system (Applied Biosystems). For each cDNA template, the reaction was carried out five times for the tig gene and five times for the gyrA gene. The gyrA housekeeping gene was chosen to normalize the results because in L. monocytogenes its expression has been shown to remain constant under various conditions (3) . The means of the five replicates were used to obtain a tig/gyrA expression ratio. The reactions were carried out several times to obtain several ratios for the same RNA sample and for different RNA samples (biological replicates). The data presented below are the means and standard deviations of at least two different experiments (up to six experiments for the 37°C experiment and the 50°C heat shock experiment).
Temperature, ethanol, and NaCl stresses. (i) Temperature stress. For heat shock, L. monocytogenes EGD-e and EGD-⌬tig were grown in BHI medium at 37°C until mid-log phase (OD 600 , 0.5). A fraction of each culture was plated onto BHI agar and incubated at 37°C (zero-time control). The remaining portions of the cultures were shifted to 50°C and incubated for up to 1 h with agitation. For each strain, fractions were collected at 15-min intervals and plated on dishes at 37°C to determine the number of surviving bacteria. The resistance to heat shock was expressed as the percentage of surviving bacteria after incubation at 50°C (for each time the ratio of the number of CFU after incubation at 50°C to the initial number of CFU). The experiment was repeated three times.
For cold shock, L. monocytogenes EGD-e and EGD-⌬tig were grown until mid-log phase in BHI medium at 37°C. Then the strains were plated on dishes and incubated at 4°C. The number of surviving bacteria was monitored for 12 days by transferring the plates to 37°C.
(ii) Ethanol stress. Five-milliliter portions of overnight BHI medium cultures of EGD-e and EGD-⌬tig were diluted in 45 ml of BHI medium supplemented with ethanol at a final concentration of 3% (vol/vol). Growth in the presence of ethanol was determined by monitoring the OD 600 .
(iii) Salt stress. Similarly, the growth of EGD-e and EGD-⌬tig was monitored in the presence of NaCl at final concentrations ranging from 340 mM to 1.7 M.
Protein preparation and analyses. Proteins were prepared from EGD-e and EGD-⌬tig grown in Luria-Bertani medium supplemented with 10% BHI.
(i) Secreted proteins. Bacteria were grown at 4°C, 37°C, or 42°C with agitation and collected by centrifugation in mid-log phase. Cell-free supernatants were filtered through a 0.22-m-pore-size Millipore filter. The filtered supernatants were concentrated by the methanol extraction method described previously (13) and were finally solubilized in 500 mM Tris-HCl (pH 8).
(ii) Envelope proteins. Extracts were prepared from the bacterial pellets of mid-log-phase cultures. The pellets were washed once in phosphate-buffered saline, and then the bacteria were broken with a Fastprep apparatus. Envelope fractions were recovered by centrifuging the lysate at 18,000 ϫ g for 45 min at 4°C. Contaminating proteins were removed from each pellet by solubilization; the pellet was vortexed for 5 min with 500 l of 2% Triton X-100, and the supernatant was discarded. The pellet was finally resuspended in 50 mM Tris-HCl (pH 8). The amount of total protein in each extract was determined by the Bradford method (12) .
The extracts were finally resuspended in sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) loading buffer, and 15 g of each extract was loaded into each well on 11% SDS-polyacrylamide gels. After electrophoresis, the gels were either silver stained or treated with Coomassie blue.
Cell cultures and infections. (i) Culture of cell lines. Mouse macrophage cell line J774 (ATCC TIB67), human colon carcinoma cell line Caco-2 (ATCC HTB37), and human hepatocellular carcinoma cell line HepG-2 (ATCC HB 8065) were propagated as previously described (17) in RPMI medium containing 10% fetal bovine serum. Cells were seeded at a concentration of 2 ϫ 10 5 cells per well in 12-well tissue culture plates (Falcon). Monolayers were used 24 h (J774 and Caco-2) or 48 h (HepG-2) after seeding.
(ii) Bone marrow-derived macrophages. Bone marrow-derived macrophages (BMM) from a BALB/c mouse were obtained and cultured as described previously (15) .
(iii) Invasion assays. The invasion assays were carried out essentially as described previously (23) . Briefly, cell monolayers were incubated for 30 min (BMM and J774) or 1 h (Caco-2 and HepG-2) at 37°C with the bacterial suspensions in Dulbecco modified Eagle medium (multiplicities of infection, 0.1 for BMM, 1 for J774, and 100 for nonphagocytic cell lines) to allow the bacteria to enter. After washing (time zero of the kinetic analysis), the cells were incubated for several hours in fresh culture medium containing gentamicin (10 g ml Ϫ1 ) to kill extracellular bacteria. At several times, cells were washed three times in RPMI and processed for counting of infecting bacteria. For this, cells were lysed with distilled water. The titer of viable bacteria released from the cells was determined by spreading preparations onto BHI medium plates. For each strain and time in an experiment, the assay was performed in triplicate. Each experiment was repeated at least twice.
Infection of mice and virulence assays. The virulence of the mutant was first estimated by determining the 50% lethal dose (LD 50 ) using the Probit method (48) . Animal experiments were performed according to the INSERM guidelines for laboratory animal husbandry. Specific-pathogen-free, 6-to 8-week-old, female Swiss mice (Janvier, Le Genest St. Isle, France) were used. Bacteria were diluted in 0.15 M NaCl and then inoculated intravenously (i.v.) into the mice via the lateral tail vein (0.5 ml). Groups of five mice were challenged with various doses of bacteria (10 7 , 10 6 , 10 5 , and 10 4 bacteria per mouse), and mortality was observed for 10 days.
Bacterial growth in organs was monitored after i.v. inoculation of 10 4 bacteria. After 1, 2, 3, 6, or 7 days of incubation, groups of five to eight mice for each strain were sacrificed, and organs (spleens and livers) were aseptically removed and separately homogenized in 0.15 M NaCl. Bacterial counts in organ homogenates were determined at various times on BHI agar plates, as described previously (2) . The whole kinetic analysis was performed twice. The data were analyzed statistically by using Student's t test.
VOL. 72, 2006 ROLE OF TF IN L. MONOCYTOGENES

RESULTS
lmo1267 gene encodes TF. We identified a unique gene, designated tig, in the genome of L. monocytogenes strain EGD-e by BLASTP search, using the amino acid sequence of TF from B. subtilis. The L. monocytogenes tig gene encodes a 427-amino-acid protein having 62% identity with TF of B. subtilis. The central domain, which has homology to the FK506-binding peptidyl-prolyl cis/trans-isomerase family, is the most conserved portion of the protein (76% identity). The Nand C-terminal domains (residues 1 to 161 and 248 to 427), which are required for binding to substrate polypeptides (37), show lower levels of sequence conservation (61% and 44% identity, respectively).
Genetic organization of the tig locus. The tig gene is localized between two open reading frames in the same orientation. Upstream, lmo1266 encodes a 312-residue protein whose function is unknown. Downstream, clpX encodes a protein that has been shown to participate in virulence and stress resistance in Salmonella enterica serovar Typhimurium and Staphylococcus aureus (21, 22, 60) . The functions of clpX in L. monocytogenes are currently unknown. The three genes are flanked by two predicted transcription terminators (Fig. 1) . We analyzed transcription of the tig locus by RT-PCR in wild-type strain EGD-e and in the EGD-⌬tig mutant grown in laboratory conditions (see Materials and Methods). This assay showed that the three genes were cotranscribed ( Fig. 1B) , suggesting that they belong to an operon. Moreover, lmo1266 and clpX were still transcribed in the ⌬tig mutant, indicating that the deletion did not have a polar effect on the expression of the adjacent genes.
Notably, a B -dependent promoter 47 bp upstream of lmo1266 was predicted using the program available at the Database of Transcriptional Regulation in B. subtilis (http: //dbtbs.hgc.jp/). This promoter (GGTTAGATTTTTAACAAT AAGGGTAAA [underlined bases correspond to the bipartite sigma recognition sequence]) has only two mismatches compared to the canonical B promoter of L. monocytogenes described previously (60) . A similar genetic organization is found in B. subtilis (the genes are designated ysoA, tig, and clpX, respectively) and in the nonpathogenic species Listeria innocua (25) , as well as in other isolates of L. monocytogenes whose sequences are known (44) . This three-gene organization is also conserved in several species of Bacillus (Bacillus anthracis, Bacillus halodurans, Bacillus cereus) and in staphylococci (S. aureus, Staphylococcus epidermidis). In some other bacterial species, tig is followed by a clpP gene, and in E. coli, tig is followed by both clpP and clpX. Role of TF in bacterial growth and stress resistance. The growth kinetics of the EGD-⌬tig mutant were first compared to the growth kinetics of EGD-e in minimal medium (not shown) or in BHI medium at 37°C ( Fig. 2A) , 4°C, and 42°C (not shown). At different times during growth, the morphology of the bacteria was also determined by Gram staining (not shown). In all the conditions tested, the growth and morphology of EGD-⌬tig were undistinguishable from the growth and morphology of parental strain EGD-e, indicating that the lack of TF had no effect on bacterial septation and growth in broth.
We first tested the susceptibility of EGD-⌬tig to temperature stress (cold or heat stress). As shown in Fig. 2B , EGD-⌬tig appeared to be more resistant to a shock at 50°C than EGD-e was; for EGD-e 58% survival was recorded after 30 min and 
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25% survival was recorded after 60 min, compared to 89% and 73%, respectively, for the ⌬tig mutant. Thus, as previously observed with E. coli, the absence of TF leads to longer survival of L. monocytogenes at a high temperature (31, 32) . In contrast, the ⌬tig deletion did not modify the growth of L. monocytogenes at 4°C or the ability of L. monocytogenes to survive in a cold shock assay (data not shown; see Materials and Methods for the cold shock procedure). We quantitatively monitored tig transcription by real-time RT-PCR, using the SYBR green method. The results were normalized using the gyrA gene (encoding the L. monocytogenes gyrase), whose expression has previously been shown to be constant under many growth conditions (3) . As shown in Fig. 2D , the transcription level of tig remained constant at the different growth temperatures tested (4°C to 42°C). However, after a 20-min heat shock at 50°C, the transcription of tig decreased considerably (it was 15-fold lower than the transcription recorded at 37°C), indicating that tig expression is strongly downregulated under these conditions (see Materials and Methods for details).
The kinetics of bacterial growth were then monitored in the presence of various concentrations of either ethanol (final con-centrations, 3% to 5%) or NaCl (final concentrations, 340 mM to 1.7 M). For mutant strain EGD-⌬tig there was a significant reduction in the growth rate in BHI medium containing 3% ethanol (Fig. 2C ) (P ϭ 0.01, as determined by Student's t test). However, under these conditions the level of tig transcription was not significantly modified (Fig. 2D) . No defect was observed under the NaCl stress conditions tested (not shown).
Role of TF in protein secretion. We compared the extracellular proteomes of EGD-e and EGD-⌬tig by SDS-polyacrylamide gel electrophoresis, using either culture supernatants or cell envelope fractions from exponentially grown bacteria (see Materials and Methods). All the assays performed with these two fractions ( Fig. 3A and B ; results of two-dimensional gel analyses not shown) failed to reveal any reproducible difference between EGD-⌬tig and EGD-e. Secretion of the major virulence factors listeriolysin O and phosphatidylcholine-hydrolyzing phospholipase C was also monitored by Western blotting (not shown), but this did not reveal any significant secretion defect of the EGD-⌬tig mutant.
Role of TF in intracellular survival. The impact of the ⌬tig deletion on L. monocytogenes pathogenesis was first evaluated in vitro. Intracellular survival and multiplication of EGD-e and EGD-⌬tig were monitored (i) in BMM (Fig. 4A ) and macrophage-like cell line J774 (Fig. 4B ) and (ii) in two different types of nonphagocytic mammalian cell lines, HepG-2 hepatocytes and Caco-2 enterocytes ( Fig. 4C and D) . In BMM, J774 macrophages, and Caco-2 enterocytes, the intracellular multiplication of the mutant was identical to that of EGD-e ( Fig. 4A, B , and D). In HepG-2 cells, intracellular multiplication of the mutant strain was slightly reduced (ca. fivefold at each of the three times tested) (Fig. 4C ). The P values determined by Student's t test were 0.02, 0.07, and 0.003 for 2, 4, and 6 h in the kinetic analysis, respectively; these results were reproducible.
The P values of 0.02 and 0.003 are clearly significant based on the accepted standard cutoff value of 0.05, so the results indicate that the tig mutant has a modest but significant growth defect in these cells. Altogether, these results suggest that TF FIG. 2. Growth and stresses. (A) Growth at 37°C. Growth in BHI medium at 37°C was monitored for strains EGD-e and EGD-⌬tig. (B) Resistance to heat shock at 50°C: survival of L. monocytogenes EGD-e and the ⌬tig mutant after incubation at 50°C. Bacteria were exposed to heat shock at 50°C for 15, 30, 45, or 60 min and then immediately plated on BHI medium plates. The percentage of surviving bacteria corresponds to the ratio of the number of CFU after incubation at 50°C to the initial number of CFU. (C) Ethanol stress: growth curves of EGD-e and EGD-⌬tig in BHI broth containing 3% ethanol. The values are means and standard deviations of three experiments. (D) tig transcription level. Transcription was quantified by real-time quantitative PCR with mRNA extracted from bacteria in the exponential growth phase (OD 600 , 0.4) in BHI broth at different temperatures (4°C to 42°C). For heat shock bacteria were grown until the OD 600 was 0.4 at 37°C and then incubated for 20 min at 50°C before RNA extraction. For shock with 3% ethanol bacteria were grown until the OD 600 was 0.4 in BHI broth supplemented with ethanol (final concentration, 3%). Data were analyzed by analysis of variance, followed by a multiple-comparison test using Tukey's method. The asterisk indicates that there is a significant difference between two conditions (P Ͻ 0.05). does not play an important role in intracellular survival and multiplication of L. monocytogenes. Role of TF in virulence. The in vivo properties of the ⌬tig mutant were evaluated in the mouse model of infection. We first determined the LD 50 of EGD-⌬tig after intravenous inoculation of Swiss mice. The LD 50 of the mutant was of 10 4.9 bacteria per mouse (compared to 10 4.5 bacteria for EGD-e), reflecting the very modest impact of the deletion on bacterial virulence in this model.
The kinetics of bacterial multiplication in the target organs of infected mice were then monitored over a 7-day period after i.v. infection with a sublethal dose (10 4 bacteria per mouse). As shown in Fig. 5 , a significant reduction in bacterial survival and multiplication was observed with EGD-⌬tig in both the spleen and the liver, compared to EGD-e. The kinetics of survival in the spleen showed similar increases in bacterial counts up to day 2, and a plateau was reached at day 3 with both strains. Then EGD-⌬tig was eliminated significantly more rapidly than EGD-e, and EGD-⌬tig was almost completely eliminated from the spleen at day 7 (P Ͻ 0.001). Comparable behavior was observed in the liver, where elimination of EGD-⌬tig occurred earlier than elimination of EGD-e. Notably, while EGD-e continued to multiply in infected livers until day 6, multiplication of EGD-⌬tig had already reached a plateau at day 3, and at day 7 the mutant strain was almost completely eliminated.
DISCUSSION
We identified a unique gene encoding a trigger factor homologue in the genome of L. monocytogenes and constructed a chromosomal deletion mutant. The deletion did not impair bacterial growth in broth and did not have a significant impact on protein secretion. However, it appeared to alter the stress response of L. monocytogenes. Furthermore, the ⌬tig deletion In vivo survival of the ⌬tig mutant. The kinetics of bacterial growth were monitored in mice infected with either EGD-e (}) or EGD-⌬tig (E). Mice were inoculated intravenously with 10 4 bacteria. Bacterial survival in the spleen (A) and liver (B) was monitored over a 7-day period. The symbols and error bars indicate the means and standard deviations for the number (log 10 ) of bacteria per organ (five mice on days 1, 2, and 3 and eight mice on days 6 and 7). One asterisk indicates that the P value is Ͻ0.05, and two asterisks indicate that the P value is Ͻ0.001, as determined by Student's t test.
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BIGOT ET AL. APPL. ENVIRON. MICROBIOL. reduced the capacity of L. monocytogenes to persist in infected cells in the spleen and liver, suggesting that TF is involved in bacterial virulence. TF participates in stress response but is dispensable for bacterial growth. Early work of Guthrie and Wickner (27) showed that in E. coli, a lack or overproduction of TF resulted in a septation defect. Moreover, while a ⌬tig mutation increased susceptibility to a cold shock, it increased resistance to a heat shock. We found that EGD-⌬tig was more resistant to a shock at 50°C than EGD-e was, indicating that TF is involved in the tolerance of L. monocytogenes to a heat shock. Binding of TF to nascent chains has been shown to slow protein folding and to retard protein export (34) . It is thus conceivable that under heat shock conditions, an accelerated TF-independent protein export process is more favorable for L. monocytogenes survival. This hypothesis is reinforced by the fact that under heat shock conditions, transcription of tig is downregulated compared to transcription at 37°C.
However, the ⌬tig deletion did not modify bacterial growth and survival at 4°C (Fig. 2) , which suggests that in contrast to E. coli TF (31), TF of L. monocytogenes is not involved in tolerance to cold temperatures. Notably, L. monocytogenes is one of the rare bacteria that are able to survive and multiply at low temperatures (0 to 4°C). It is thus reasonable to assume that it possesses other cold resistance mechanisms that compensate for the lack of TF.
Besides heat shock, other stimuli have been shown to induce the heat shock genes in B. subtilis (41) . In particular, ethanol treatment seems to induce cell damage similar to that caused by heat shock (57) . We monitored the kinetics of bacterial growth in the presence of various concentrations of ethanol or NaCl. Ethanol stress was the only condition in which the EGD-⌬tig mutant showed a significant reduction in the growth rate compared to wild-type strain EGD-e.
RT-PCR analyses revealed that tig was cotranscribed with lmo1266 (and clpX downstream). Since a sigma B-dependent promoter is predicted to be upstream of lmo1266, this locus might belong to the sigma B regulon of L. monocytogenes (33) . Sigma B has been recognized as a general stress-responsive alternative sigma factor in several low-GϩC-content grampositive bacteria, including L. monocytogenes. It contributes to the ability of these organisms to survive under a variety environmental and energy stress conditions (see reference 54 for a recent review). However, in B. subtilis, clpX is transcribed as a monocistronic unit and is under the control of a sigma Bindependent promoter (24) . Thus, in L. monocytogenes, the three genes might also be under the control of sigma B-independent regulators.
TF deficiency does not impair protein secretion. In E. coli, a lack of TF accelerates protein export, whereas TF overproduction impairs protein export (34) , which prompted us to compare the extracellular proteomes of EGD-⌬tig and EGD-e. SDS-PAGE analyses of culture supernatants or cell envelope fractions from exponentially grown bacteria did not reveal detectable difference between the two strains ( Fig. 4) . We also performed repeated two-dimensional gel analyses of culture supernatants or cell envelope fractions from bacteria grown at 42°C (not shown). In all these assays, we did not detect any reproducible difference in the protein contents of the two strains. It is thus likely that TF of L. monocytogenes does not play a significant role in protein secretion. However, the low sensitivity (g to ng range) of SDS-PAGE, as well as low levels of specific protein expression, might also account for the absence of observable differences in the protein patterns.
SRP pathway of L. monocytogenes. Gram-negative bacteria possess two independent secretion pathways, both converging on the Sec translocon: the SecA/SecB pathway and the SRP pathway. In E. coli, discrimination between the two pathways involves the proteins TF and Ffh (6) . In contrast, in grampositive bacteria, there is no SecB homologue (for reviews, see references 50 and 55), and the SRP pathway is thus likely to be the only complex targeting exported proteins to the Sec translocon.
We identified the genes determining Ffh, scRNA, and FtsY in the genome of EGD-e. Ffh, encoded by the lmo1801 gene, exhibits 81% amino acid identity with its B. subtilis orthologue. The scRNA of L. monocytogenes was identified previously (5) but was not precisely localized on the chromosome; it corresponds to the intergenic region between lmo2710 and lmo2711. The membrane docking protein of SRP, FtsY, is encoded by lmo1803 (which exhibits 70% amino acid identity with B. subtilis FtsY). Our attempts to create a chromosomal ⌬ffh mutant (either in a wild-type background or in a ⌬tig genetic background) were unsuccessful, suggesting that ffh is an essential gene in L. monocytogenes, as it is in B. subtilis and E. coli (see Materials and Methods for details). Of interest, it was shown recently that inactivation of the ffh gene was not lethal in S. mutans but did render S. mutans sensitive to an acidic pH and high salt concentration (29) . Strikingly, this organism appeared to tolerate complete disruption of the SRP pathway (doubledeletion ffh-scRNA and ffh-fstY mutants were viable), thus suggesting that there are additional compensatory pathways in this bacterium.
TF is involved in the persistence of L. monocytogenes in vivo. Intracellular survival assays indicated that TF plays only a minor role in the in vitro life cycle of L. monocytogenes. However, TF appeared to participate in bacterial survival and multiplication in vivo. In spite of a modest impact on the LD 50 of the strain, the ⌬tig deletion led to a significant reduction in bacterial counts in the spleens and livers of mice infected with a sublethal dose of bacteria (up to a 1,000-fold reduction after 7 days of infection). To our knowledge, this is the first report of an in vivo role of trigger factor in bacterial pathogenesis.
The fact that the tig deletion had no detectable impact on protein expression in broth does not rule out the possibility that TF influences the production of poorly expressed proteins and/or of virulence factors preferentially expressed in vivo. At this stage, we should bear in mind that TF, which associates with the 50S ribosomal subunit and binds to nascent polypeptide chains, functions in cooperation with other cytosolic chaperones, such as DnaK and GroEL (9, 16, 34, 47) . It is reasonable to assume that the molecular mechanisms implicating TF in pathogenesis are complex, and the role of each of the other chaperones in bacterial pathogenesis remains to be elucidated. However, general protein chaperones participate in essential mechanisms employed for bacterial survival. Therefore, their specific contributions to bacterial virulence might be difficult to assess. VOL. 72, 2006 ROLE OF TF IN L. MONOCYTOGENES 6629
